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1. Executive summary 
The University of Queensland Surat Deep Aquifer Appraisal Project (UQ-SDAAP) is part of the university’s 
research into carbon capture and storage (CCS) to help reduce atmospheric carbon emissions. The project 
aims to provide information and analysis to inform the broader debate on how Australia might contribute to 
climate change mitigation and on the suitability of the Surat Basin for large-scale CCS as a part of this. 
Previous studies have found that aquifers in the deepest parts of the Surat Basin (deeper than 2000m) at the 
base of the Great Artesian Basin (GAB) in eastern Australia might be a potential place to safely store carbon 
dioxide (CO2)1. UQ2 is engaged in work that is updating and revising our understanding of the GAB. This is 
generally showing greater complexity, heterogeneity and lower connectivity than historically thought. The 
research from this project will increase understanding of deep aquifer properties and provide new scientific 
information on general groundwater assessment in the area. 
Previous UQ-SDAAP work identified a key target formation for CCS: the basal “Blocky Sandstone Reservoir” 
of the GAB’s Precipice Sandstone (La Croix et al. 2019c). Australia-Pacific LNG (APLNG) produce Coal Seam 
Gas from several leases within the northern Surat Basin. Gas exploration and production targets in the area 
include Jurassic coal-bearing strata above and Permian strata below the Precipice Sandstone. By-products of 
CSG production include formation water; and thereafter permeate produced from reverse osmosis plants. A 
blend of these waste streams has been disposed of via injection bores into the Blocky Sandstone Reservoir 
since 2015 by APLNG at two sites: Reedy Creek (17.5 ML/day average) and Spring Gully (2 ML/day 
average). This injection process is often referred to as managed aquifer recharge (MAR). Observed hydraulic 
responses throughout the northern Surat Basin to MAR injection form an opportunity to infer and better 
understand Blocky Sandstone Reservoir hydraulic properties (primarily permeability), including their spatial 
distribution and uncertainty; this is of direct relevance to CCS potential. 
A basin-scale numerical groundwater flow model of the Blocky Sandstone Reservoir is constructed and used 
to estimate hydraulic properties’ spatial variability and uncertainty across the northern Surat Basin. These 
estimates are derived from inversion of observed hydraulic responses to large-scale MAR injection into the 
Blocky Sandstone Reservoir by APLNG over the 2015-17 period, using the software ‘PEST-HP’ (Doherty, 
2018).  
The inversion process identifies several high and low permeability features that persist through the stochastic 
realisations (Figure 1). Estimated permeability tends to be higher than that derived from core plugs and 
petrophysics (Harfoush et al. 2019a, b, c and d). Compressibility estimates show spatial patterns that are 
slightly like those modelled for permeability. Estimated uncertainty is minimal in areas of greatest 
observational data density, around and between the two APLNG injection schemes, and to a lesser degree 
around the APLNG test site at Condabri. Model inversion indicates that kriging anisotropy is not required to 
simulate the observed pressure responses to MAR injection; in this case it is likely that spatial parameter 
density combined with regularisation strategies employed during inversion provide enough anisotropy to the 
inversion process, such that kriging anisotropy is made redundant.  
Recommendations for further investigation are made at the end of this report 
 
                                                     
1 This UQ-SDAAP research has identified areas deeper than 2.3km as the most prospective 
2 Largely through the work of the UQ Centre for Coal Seam Gas and Centre for Water in the Minerals Industry 
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Figure 1 Estimated blocky sandstone permeability (minimum error variance model). 
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2. Introduction 
The University of Queensland Surat Deep Aquifer Appraisal Project (UQ- SDAAP) is part of the university’s 
research into carbon capture and storage (CCS) to help reduce atmospheric carbon emissions. The project 
aims to provide information and analysis to inform the broader debate on how Australia might contribute to 
climate change mitigation and on the suitability of the Surat Basin for large-scale CCS as a part of this. 
Previous studies have found that aquifers in the deepest parts of the Surat Basin (greater than 2000 m) at the 
base of the Great Artesian Basin (GAB) in Eastern Australia might be a potential place to safely store carbon 
dioxide (CO2) (Bradshaw et al. 2002, Allinson et al. 2003, Bradshaw et al. 2011; Garnett et al. 2012; and 
Hodgkinson and Grigorescu 2013).  UQ is deeply engaged in work that is updating and revising 
understanding of the Surat Basin. This is generally showing greater complexity, heterogeneity and lower 
connectivity than historically thought. The research from this project will increase understanding of deep 
aquifer properties and provide new scientific information on general groundwater assessment in the area.  
Previous UQ-SDAAP work identified a key target formation for CCS: the basal Blocky Sandstone Reservoir of 
the GAB’s Precipice Sandstone (La Croix et al. 2019c). Australia-Pacific LNG (APLNG - a joint venture 
between Origin, ConocoPhillips and Sinopec) produce Coal Seam Gas from several leases within the 
Northern Surat Basin. A by-product of CSG production is formation water and, thereafter, the permeate from 
reverse osmosis plant. A blend of these waste streams has been disposed of via injection bores into the 
Blocky Sandstone Reservoir since 2015 by APLNG at two sites: Reedy Creek (17.5 ML/day average, 12 
injection bores) and Spring Gully (2 ML/day average, 3 injection bores). This injection process is often referred 
to as Managed Aquifer Recharge (MAR).  
Observed hydraulic responses throughout the northern depositional centre of the Surat Basin to MAR injection 
form an opportunity to infer and better understand Blocky Sandstone Reservoir hydraulic properties (primarily 
permeability), including their spatial distribution and uncertainty; this is of direct relevance to CCS potential. 
2.1 Research aims 
The objective of the work documented here is to use the observed pressure responses to the APLNG injection 
to characterise Blocky Sandstone Reservoir hydraulic properties, including: 
• their spatial variability 
• their uncertainty 
• their degree of identifiability based on the available observed MAR response data 
The key output of this work is mapping of estimated permeability and storage properties of the Blocky 
Sandstone Reservoir of the Precipice Sandstone. 
2.2 Approach 
Hydraulic properties of the Blocky Sandstone Reservoir are estimated using a numerical model to invert the 
pressure change observations associated with APLNG MAR injection in the Northern Surat Basin. The 
following outlines key components of the approach taken: 
A very simple 3- layer model is developed, based on UQ-SDAAP’s Blocky Sandstone Reservoir roof/floor 
mapping, and the following design elements: 
• The selected model code is the open source, MODFLOW-USG code (Panday et al. 2013), which is 
deemed suitable for the problem and objectives.  
• The developed model is regionally extensive, extending from the northern (unconfined) outcrop areas of 
the Blocky Sandstone Reservoir to the southern deep confined areas around Chinchilla 
• The model mesh is locally refined around APLNG MAR bores, observation bores, and other key 
hydrogeological features of the model. It coarsens significantly away from these features 
• Boundary conditions – the following important features are simulated: MAR, town water and industrial 
supply bores; head boundaries along the northern outcrop areas, and southern model boundary to 
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define the flow system. The northern head boundaries are used to force the transition from confined to 
unconfined aquifer conditions to the north 
• Temporal discretisation - dictated by MAR bore injection, storage and recovery periods, and observed 
transient hydraulic responses 
• It is assumed that overlying and underlying strata contribute little aquifer storage in comparison with the 
Blocky Sandstone Reservoir, and hence these strata are not modelled 
• MAR injection and observation data sets are reviewed and incorporated into the model: 
- Observation data are collated from a range of sources and screened for spurious records 
- Head impress (increase) responses to MAR injection (or lack thereof) are developed for 
incorporation into the model. Absolute head data are not used 
• Aquifer hydraulic property measurement data are reviewed for ‘soft’ inclusion in the model inversion 
process where appropriate. This means PEST is aware of previously calculated values, but these 
provided as relatively wide ranging estimates rather than absolute constraints 
• PEST-HP (Doherty 2018) is used, with spatially-varying (pilot point) parameters, for inversion of 
hydraulic conductivity and compressibility (specific storage) fields 
- Observations include head change data, in addition to ‘soft’ targets such as hydraulic property 
measurements, where available and appropriate 
• Model inversion is repeated with varying interpolation schemes and parameters, both with and without 
kriging anisotropy 
• A PEST utility (IDENTPAR; Doherty 2016) is used to assess parameter identifiability based on the 
available observation data 
• PEST-HP (Doherty 2018) is used for model uncertainty analysis, to produce mapping of calibration-
constrained hydraulic property uncertainty ranges 
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3. Conceptual model 
This section provides a brief, targeted hydrogeological conceptualisation of the study area, primarily based on 
previous work, but updated with information pertinent to the modelling documented in this report.  
3.1 Previous basin conceptualisation 
The modelling work reported here was completed prior to completion of UQ-SDAAP analysis of DST and 
Hutton and Precipice aquifer water level data. Therefore, the reader is referred to previous recent studies by 
APLNG 2016 and OGIA 2016a for hydrogeological conceptualisation of the Surat Basin overall. This section 
provides a brief summary concentrating on the Precipice Sandstone.  
3.1.1 Geological and hydrostratigraphic setting 
The Surat Basin is elongated in the north-south direction and filled with a sequence of fluvial to marginal 
marine sediments, as shown in Figure 2. The colouring in this figure indicates the formations that are 
interpreted as major and minor aquifers, and those that form aquitards. Figure 3 presents some of the main 
inferred structural features and the basement topography beneath the sediments of the Surat and Bowen 
Basins. A maximum strata thickness of approximately 2,500 m is reached along the Mimosa Syncline (Figure 
3), to either side of which the sediments thin over basement ridges (La Croix et al. 2019a, b, c and d, 
Gonzalez et al. 2019a). Structural features of the underlying Bowen Basin control or at least influence those of 
the Surat Basin.  
The stratigraphic sequence forms a series of interbedded aquifer and aquitard units that can be considered to 
have a low-angle south-westerly plunge at the basin scale. Most units outcrop or subcrop at shallow depths in 
the north of the basin. The Precipice Sandstone is one of the key recognised aquifer units of the Surat Basin; 
it is thought to be laterally continuous, have significant water storage and permeability, and it is extensively 
developed for groundwater use (OGIA 2016a). Note that there is no water production (and no water quality 
samples) from the deepest parts of the Basin that have been the focus of UQ-SDAAP CO2 injection studies 
(Rodger et al. 2019e; and Ribeiro et al. 2019b). 
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Figure 2 Hydrostratigraphy of the Bowen-Surat Basins (from OGIA 2016a). 
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Figure 3 Key structural features of the Surat Basin (adapted from OZSEABASETM study) (from APLNG 
2016). 
 
3.1.2 Groundwater flow systems 
Groundwater levels in the Precipice Sandstone were mapped by APLNG 2017; reproduced as  
Figure 4. This shows: 
• A northern flow system defined by high hydraulic head values in certain outcrop recharging areas and a 
low near Taroom in the northeast with the lowest values of hydraulic head associated with discharge 
into the low topography outcrop/subcrop along the Dawson River.  
• A southern flow system driven by low hydraulic head centred at Tara and Moonie with higher head 
values in the south and southeast.   
• Westerly inflow from the Clarence-Moreton Basin (southeast) to the Precipice Sandstone in the 
southern part of the Surat Basin around Moonie; and 
• Evidence of groundwater discharge to the Dawson River (Smerdon & Ransley 2012) and Hutton Creek 
(i.e. to the east of Injune). Recent stream flow accretion profiling along Hutton Creek, a tributary of the 
Dawson River, supports this inference (David Gornall, Santos, pers. comm. July 2018); 
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• Groundwater gradients are generally very low. Exceptions to this include across the Hutton-Wullumbilla 
Fault (east of Injune), suggesting a permeability change across this structure (APLNG 2017). 
3.1.3 Groundwater recharge 
OGIA 2016a estimated groundwater recharge rates using a chloride mass balance method. They inferred that 
the majority of recharge occurs within formation outcrop areas, predominantly via rainfall, either by direct 
infiltration, or indirectly via leakage from streams or overlying aquifers. OGIA’s recharge estimates range from 
4.8- to 20.6 mm/year for most aquifers (Precipice, Hutton and Gubberamunda sandstones), and from 1.2- to 
3 mm/year for aquitards. 
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Figure 4 Potentiometric surface of the Precipice Sandstone (from APLNG 2017). 
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3.2 Previous Precipice Sandstone modelling 
Several numerical groundwater models of the Surat Basin have been developed in recent years, including 
those of GHD 2012; Sreekanth and Moore 2015; OGIA 2016a, 2016b and 2016c; Siade 2018. Following is a 
brief overview of each. 
GHD 2012 developed a basin-scale groundwater flow model of the Bowen-Surat basins, which was a 
precursor to later Queensland Office of Groundwater Impact Assessment (OGIA) models (OGIA 2016a, 
2016b and 1016c). These models simulate the entire basin stratigraphic sequence in great vertical detail, but 
at a relatively coarse planar resolution, as necessitated by the scale of the basin and practical computation 
constraints. The Precipice Sandstone is simulated as a single layer within a total of 32 layers. The more 
recent OGIA models use custom code to mimic dual phase effects pertinent to CSG production. This model is 
periodically used for assessment of cumulative impacts of coal and CSG development in the Surat Basin 
(Underground Water Impact Reports (UWIR); e.g. OGIA 2016b). 
Sreekanth and Moore 2015 developed an integrated suite of multi-scale models of the Precipice Sandstone 
and surrounding aquifers for numerically efficient assessment of impacts from the then-proposed large-scale 
injection of CSG co-produced water on groundwater quality and pressures. These models ranged from well-
scale radial models through to a basin scale model. State-of-the-art uncertainty analysis methods were 
applied, and the potential effects of faulting were assessed. Observation data worth was also conducted, 
which indicated that injection tracer tests were of greatest value in constraining porosity, and therefore dilution 
processes during CSG co-water injection. Bromide was the most valuable tracer identified. 
Janardhanaran et al. 2016 utilised the OGIA (2016c) model to assess cumulative impacts of proposed (likely 
to proceed) coal and CSG projects in the Maranoa-Balonne-Condamine subregion of the Australian 
Government’s Bioregional Assessment Program3. 
Siade et al. 2018 utilised the OGIA 2016c model to develop a flow and transport model focussed on the 
Hutton Sandstone, Evergreen Formation and Precipice Sandstone. This model was used to explore 
conceptual flow system uncertainties in the GAB intake areas through joint inversion of hydraulic head and 
tracer data (mean apparent groundwater age, using 36Cl and 14Cl). 
The OGIA 2016c model is not used for modelling of the Precipice Sandstone’s Blocky Sandstone Reservoir in 
this project for the following reasons: 
• The UQ-SDAAP team has re-interpreted the Precipice Sandstone stratigraphy, isolating the target CCS 
unit, the Blocky Sandstone Reservoir, from overlying portions of the strata. This interpretation differs 
from that of the OGIA 2016c model 
• The calibrated OGIA 2016c model’s hydraulic conductivity estimates for the Precipice Sandstone are 
considered low compared with those derived from core plugs and petrophysics by UQ-SDAAP 
(Harfoush et al. 2019a, b, c and d), and compared with those estimated from observed responses to 
large-scale MAR injection over the 2015-16 period (APLNG 2016) 
The focus of this study is on inversion of hydraulic properties of the Blocky Sandstone Reservoir using a 
relatively short record (2-3 years) of pressure response data to large-scale CSG co-water injection. It is 
considered over-complicated and unnecessary to simulate strata overlying and underlying the Blocky 
Sandstone Reservoir to achieve this objective. An entirely new model focussing on the Blocky Sandstone 
Reservoir is therefore constructed for use in this project. 
                                                     
3 https://www.bioregionalassessments.gov.au/bioregional-assessment-program 
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3.3 UQ-SDAAP Blocky Sandstone Reservoir mapping 
To develop a groundwater flow model for this project, one of the key required elements is an appropriate static 
geological model of the relevant strata. This geological model forms the foundation from which Blocky 
Sandstone Reservoir permeability4 is estimated and is therefore critical (Harfoush et al. 2019a, b, c and d). 
UQ-SDAAP has put significant effort into mapping the roof and floor of the Precipice Sandstone’s Blocky 
Sandstone Reservoir, the primary CCS target (La Croix et al. 2019b; Gonzalez et al. 2019 a and b). This 
mapping was processed for use in defining the groundwater flow model structure used in this project. The 
data were provided in zmap format and subsequently converted to ESRI ascii rasters. The thickness of this 
unit, as translated to the model mesh, is shown in Figure 8. 
Regional Precipice Sandstone outcrop mapping was used, in conjunction with digitised Precipice groundwater 
potentiometry from Origin 2017, to define the area in which the sandstone becomes unconfined, in the north 
of the basin. Precipice Sandstone outcrop and its inferred unsaturated thickness are shown in Figure 7 and 
Figure 6. 
3.4 Observed groundwater levels and MAR responses 
Precipice Sandstone groundwater pressure response data were collated from the following sources: 
• The Queensland Government’s Groundwater Database (GWDB) 
• The Queensland Government’s online Water Monitoring Information Portal (WMIP) 
• OGIA UWIR groundwater data 
• Origin 2016-17 Groundwater Assessment report groundwater level and total MAR scheme injection rate 
time series. These were digitised by UQ, with further revisions made by Hayes Geoscience and 
Groundwater Logic. Data were manually reviewed and any clearly spurious records removed, with a 
focus on the data from the 2015-2017 primary MAR response period 
For the purposes of model inversion, all groundwater level data were aggregated to weekly average values 
(from finer temporal scales where relevant), and subsequently converted to incremental change from the first 
available record. Hydrographs for all 45 bores (with water levels from January 2015 onward) are provided as 
Appendix I.  
A selection of observed pressure responses to MAR operations in the 2015-2017 period are shown in Figure 
5. There has been around a 40 m head rise near the Reedy Creek MAR operations, which diminishes with 
distance, generally reaching 3-4 m around the basin margins to the north and east. In the far south, south of 
Chinchilla, there is a declining trend (Figure 26) i.e. either MAR effects have not reached here, or local water 
abstraction has overprinted those effects.  
There are differing water level response patterns between the eastern basin margins, and those to the north, 
where the Precipice Sandstone becomes unconfined in shallow subcrop and outcrop areas; there is evidence 
of a flattening of the response to MAR operations by 2016-2017 in the north, whereas there is an ongoing 
linear head rise to the east. This difference may reflect the MAR pressure response encountering the high 
storage of the unconfined Precipice Sandstone in the north. 
Two Santos bores located 30-35 km west of APLNG’s Reedy Creek MAR scheme monitor pressures in what 
has previously been termed the Precipice Sandstone but which falls to the west of the UQ-SDAAP zero pinch 
out edge of the Blocky Sandstone Reservoir (Figure 5 and Figure 8). The UQ-SDAAP stratigraphy would 
allocate these wells to the Transition Zone time equivalent to minor sands within the Lower Evergreen 
Formation. These two bores (EMPGWTH01 and ARMGWP01; Figure 5), despite the EMPGWTH01 record 
being of low integrity, show no response to the long-term MAR injection, and if anything, demonstrates a 
declining rather than rising trend over the primary recorded MAR injection period (2015-17). Therefore, it is 
concluded that there is no appreciable hydraulic connection between the Blocky Sandstone Reservoir and the 
sands within the overlying Transition Zone in this area. This conclusion supports the truncation of the MAR 
                                                     
4 Aquifer thickness controls modelled transmissivity and storativity, and therefore diffusivity, or the degree of responsiveness of the 
aquifer to stresses.  
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inversion model using a no flow boundary coincident with the western pinchout edge of the Blocky Sandstone 
Reservoir between Reedy Creek and these two Santos bores. 
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Figure 5 Selected observed Precipice Sandstone pressure responses to MAR operations and other effects. 
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3.5 Hydraulic property data 
APLNG has developed estimates of transmissivity and storativity at many of their observation and production 
bores using analytical models (Appendix II; APLNG 2016). These data are compared with the MAR inversion 
estimates in Section 5.3.3.1.  
Transmissivity estimates range from 90 to 14000 m2/day (average 2020 m2/day); the highest values are found 
around Spring Gully MAR scheme (Appendix II; APLNG 2016). APLNG 2016 reports a spatial pattern of 
increasing transmissivity from east to west as the Blocky Sandstone Reservoir drapes up and over the Comet 
Ridge (see further discussion in Section 5.3.3.1). Storativity estimates range from 6.1E-5 to 1.3E-4 (unitless; 
average 2.8E-5; APLNG, 2016). 
Estimates of permeability are also available through the UQ-SDAAP (Harfoush et al. 2019a, b, c and d), as 
derived from petrophysical data. Comparison of these estimates is the focus of a separate study and hence 
not discussed further in this report. The petrophysical estimates reflect primary permeability, and hence the 
presence of secondary (fracture-based) permeability as described above will need to be considered in that 
comparison. 
3.6 Geological structure considerations 
Consideration was given to explicitly including in-situ rock stress orientation data in the numerical model 
parameterisation and inversion (e.g. Flottman et al. 2013; Tavener 2018; Appendix V). Given that dominant 
fracture orientations can vary from high to low angles relative to the maximum stress direction depending on 
the ratio of maximum to minimum stress and other factors, the data are only used for qualitative comparison 
of modelled permeability anisotropies instead (see Section 5.3.3.3). 
In addition, APLNG’s Condabri push-pull test indicated a hydraulic influence in the Blocky Sandstone 
Reservoir from the Leichardt-Burunga Fault System (Ryan Morris, Origin, pers. comm. 2018). APLNG’s 
analysis indicated complex hydraulic effects from at least one strong boundary in the Blocky Sandstone 
Reservoir aquifer around Condabri (see bores CON-INJ002 and CON-INJ005 in Figure 13 and Figure 15). 
These features are introduced to the model inversion (see Section 4.1.6.2). 
3.7 Updated conceptual model 
A pictorial summary of the conceptual hydrogeological model that forms the basis of the numerical model is 
presented in Figure 6. This shows inferred regional groundwater flow directions and flow paths, likely 
discharge locations and areas, and likely recharge areas. It also shows the areas of Blocky Sandstone 
Reservoir that are likely to form unconfined areas of the aquifer, thus identifying areas where MAR injections 
responses may differ from those in deeper confined areas of the aquifer. 
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Figure 6 Conceptual hydrogeological model. 
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4. Numerical modelling 
This report section describes the approach taken to develop the numerical groundwater flow model that is 
used to estimate Blocky Sandstone Reservoir hydraulic properties through inversion of MAR response data. 
Model design utilises and builds upon the conceptual hydrogeological information presented in Section 3. At 
the end of this report section, model approximations and limitations are outlined. 
4.1 Model design 
4.1.1 Model confidence level classification 
Groundwater modelling is conducted in accordance with the Australian Groundwater Modelling Guidelines 
(Barnett et al. 2012) These guidelines use ‘confidence levels’ to classify model types, stating where: 
“The confidence level classification of a model is often constrained by the available data and the time and 
budget allocated for the work. While model owners and other stakeholders may be keen to develop a high-
confidence model, this may not be practicable due to these constraints. The modeller should provide advice 
(based on experience) on realistic expectations of what level of confidence can be achieved.” 
The original intention was to develop a relatively simple model for this project’s objectives. However, based on 
assessment of the available data at the pre-calibration stage, and the final model design and approach, the 
model developed for the stated objectives may be described as between a Level 1 and Level 2 confidence 
model (see Barnett et al. 2012 table 2-1). 
4.1.2 Software  
An unstructured grid version of the industry standard MODFLOW code, called MODFLOW-USG-Transport 
v1.1 (MF-USG; Panday et al. 2013 and Panday 2017), is selected for this study. This is based on the 
following: 
• Potential future flexibility for further model development for CO2 storage simulations by UQ:  
- Open source code for future customisation, and for compiling under Linux for future use of the 
model on the UQ cluster 
- Ability to simulate variable density fluid flow 
• MF-USG has been used for similar purposes in similar environments – for example, OGIA’s UWIR 
model also utilises a modified version of MF-USG 
Features of MF-USG that are particularly suited to addressing the modelling needs and objectives include: 
• Flexible meshing, utilising a range of cell shapes, that allows model cells to closely follow the geometry 
of features of interest, e.g. shallow Precipice Sandstone subcrop/outcrop, MAR injection and 
observation sites 
• Efficient refinement of the mesh locally around features of interest within a regional model domain while 
retaining larger cells elsewhere. These features provide smaller, faster models, without compromising 
resolution in areas of interest that has flow-on benefits in terms of robust and efficient inversion and 
uncertainty analyses 
4.1.3 Spatial discretisation, model extent and layering 
An unstructured MF-USG Voronoi mesh is generated using AlgoMesh 1.2 (HydroAlgorithmics, 2016), and 
model input files are prepared using a combination of AlgoMesh, Geographic Information Systems (GIS) and 
a range of custom Python scripts, in addition to Fortran executables provided with PEST (Doherty 2016). The 
model mesh is shown in Figure 7. 
The mesh is refined as follows: 
• At the two APLNG MAR sites (Reedy Creek (down to at least 100 m) and Spring Gully (down to at least 
100-300 m) 
• At Wandoan, for potential future inclusion of the groundwater supply bores there (down to at least 
100 m) 
• In the Precipice Sandstone unconfined zone in the north (down to ~800 m) 
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• At all observation bores as required for only one bore per model node 
• To a maximum of ~3500 m across the domain in general 
A suitable model domain for the inversion task is defined based on the groundwater flow system and 
observed pressure responses to MAR operations in the 2015-2017 period, as shown in Figure 5, Figure 6 and 
discussed in Section 3.  
The model comprises three layers: 
• The variable thickness and elevation of the Blocky Sandstone Reservoir is represented by layer two, as 
defined by mapping of the roof and floor of this unit provided by UQ-SDAAP (see Figure 8) 
• Layers 1 and 3 are constant 20 m thick layers (except where layer 1 thins to a minimum of 1 m, due to 
the Blocky Sandstone Reservoir reaching land surface – as defined by Geoscience Australia’s 
1-second DEM) 
Layers 1 and 3 are designed to provide some representation of potential additional (non-Blocky Sandstone) 
storage in units overlying and underlying the Blocky Sandstone Reservoir, as may be inferred through the 
inversion – these layers are not designed to accurately represent the geometry or properties of the overlying 
or underlying strata. This is justifiable on the basis that the MAR injection response data cover a short period 
– only 3 years; this is not sufficient for injection responses to be significantly affected by storage in the 
adjacent (lower permeability) strata, nor by model boundary conditions, as indicated by the observed MAR 
response data shown in Figure 5. 
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Figure 7 Model extent and mesh detail. 
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Figure 8 Modelled Precipice Sandstone (Blocky Sandstone Reservoir) elevation, thickness and depth. 
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4.1.4 Simulation periods and temporal discretisation 
The calibration model consists of a single steady state stress period, followed by 53 half-monthly transient 
stress periods, starting 1 January 2015 and terminating 16 March 2017. This period and its discretisation are 
defined based on the duration and temporal variability of available APLNG MAR injection rate data. The initial 
steady state stress period serves solely to provide stable initial heads for the transient stress periods; it is not 
used in the inversion process in any other way. 
4.1.5 Boundary conditions 
4.1.5.1 Well (WEL) boundaries 
MF-USG WEL boundaries are used to simulate: 
• The APLNG MAR (injection) bores at Reedy Creek and Spring Gully 
• The APLNG trial MAR injection/abstraction bore at Condabri 
• Licensed groundwater users: Miles and Wandoan town bores, and Lagoon Gully (Kogan Creek power 
station) water supply bore 
The locations of these wells are shown in Figure 9, whilst Figure 10 and Figure 11 show the modelled 
injection and abstraction rates (WEL boundary features). No data are available on the relative split of total 
Spring Gully abstraction between the three production bores that have been drilled at that site (excluding the 
Spring Gully camp bore, a supply bore only). Therefore, total Spring Gully pumping rates are evenly divided 
across those three bores (Figure 11); these bores are located so close together (40 m apart), whereas MAR 
injection responses are observed at distances ranging from 5-140 km away – therefore this assumption would 
have no consequences for the MAR data inversion that is the focus of this report. 
4.1.5.2 General Head (GHB) and no-flow boundaries 
GHBs are used to model lateral groundwater inflow and outflow around the edges of the model, where the 
APLNG potentiometric mapping (as shown in Figure 7) suggests that this inflow or outflow occurs. GHB head 
values were defined using the APLNG mapping, as shown in Figure 9. Where mapping suggests that the 
Precipice Sandstone is unsaturated, or where regional groundwater flow paths are parallel to the boundary 
and the Precipice Sandstone may be pinching out, ‘no flow’ boundaries are defined.  
For the purpose of establishing constant head boundary conditions, high GHB conductances are calculated 
using the spatially-variable cell geometries according to: 
GHB conductance = (Kx* L * W) / D 
Where length (thickness), L, and width (square root of planar node area), W), an assumed aquifer hydraulic 
conductivity (Kx) of 10 m/day for all GHB nodes, and assumed distance (D) parameter of 1 m. Neither GHB 
conductance nor head are calibrated, on the basis that they are unlikely to significantly affect the modelled 
responses to MAR injection over the short 2015-17 period – i.e. responses do not reach the model 
boundaries. Furthermore, MAR injection responses are used in the inversion as a differential measure, not an 
absolute head measure, so their modelled counterparts should not be significantly affected by boundary 
condition heads. With respect to boundary conductances, groundwater models are often relatively insensitive 
to them, particularly those around model margins, as compared to properties such as hydraulic conductivity 
and recharge. 
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Figure 9 Model boundary conditions. 
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Figure 10 Modelled groundwater injection and abstraction rates. 
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Figure 11 Modelled groundwater injection and abstraction rates – Reedy Creek and Spring Gully 
MAR scheme detail. 
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4.1.6 Hydraulic property parameterisation 
4.1.6.1 Zone-based parameters 
Single, model-wide parameter zones are used for: 
• Kx and Ss of model layers 1 and 3 – as a single parameter for each 
• Specific yield (Sy) of layers 1, 2 and 3 – as a single parameter 
• Vertical hydraulic conductivity (Kzf, a factor of Kx) of layers 1, 2 and 3 – as a single parameter 
These parameters are adjustable by PEST during the inversion process; their initial values and 
allowable ranges are shown in Table 1. Ranges are primarily defined with reference to OGIA 2016 
and APLNG 2016. 
Reasons for parameters in layers 1 and 3 being modelled as single zones are: 
• There are no observation data for these units used in the inversion 
• The conceptual reasons for including these layers, as described in Section 4.1.3; the intention 
of the model is not to simulate the overlying and underlying units in detail because they are not 
of significance to inversion of the MAR injection responses in the Blocky Sandstone Reservoir 
Kzf is modelled as a single zone in layer 2 also for the same reasons as outlined above for layers 1 
and 3, given that Kzf only controls the degree of leakage to and from these layers. 
The reason for specific yield being modelled as single zones for all layers is that this parameter is only 
of relevance to areas where the Blocky Sandstone Reservoir becomes unconfined, which is of 
relevance to only a very small area of the model domain (see Figure 6). 
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Table 1 Hydraulic property parameterisation summary. 
Parameter Model 
layer(s) 
HSU Type Initial 
value 
Minimum 
value 
Maximum 
value 
Units 
Horizontal 
hydraulic 
conductivity (Kx) 
1,3 
Over- / under-
burden 
Model-wide 
zone 
1.0E-5 1.0E-7 
1.0E-3 m/day 
2 Precipice 
Sandstone 
(Blocky 
Sandstone 
Reservoir) 
Pilot points 5.0E+0 1.0E-6 2.0E+2 m/day 
Vertical hydraulic 
conductivity factor 
(of Kx) (Kzf) 
1,2,3 All Model-wide 
zone 
1.0E-1 1.0E-5 1.0E+0 - 
Specific storage 1,3 Over- / under-
burden 
Model-wide 
zone 
1.0E-5 1.0E-6 9.0E-5 /m 
2 Precipice 
Sandstone 
(Blocky 
Sandstone 
Reservoir) 
Pilot points 1.0E-6 7.0E-8 1.0E-5 /m 
Leichardt 
Burunga Fault 
System HFB 
(northern, 
southern and 
central sections) 
1,2,3 All Fault 
(HFB), 3 
zones 
1.0E-5 1.0E-8 1.0E+1 m/day  
(/m 
barrier 
width; 
assumed 
10m) 
Kriging anisotropy 2 Precipice 
Sandstone 
(Blocky 
Sandstone 
Reservoir) 
Pilot points 1.0E+0 1.0E+0 1.0E+2 - 
Kriging angle 2 Precipice 
Sandstone 
(Blocky 
Sandstone 
Reservoir) 
Pilot points 0.0E+0 -3.6E+2 3.6E+2 Degrees 
from 
north 
4.1.6.2 Faults 
Modflow’s Horizontal Flow Barrier (HFB) package is used to simulate the postulated hydraulic barrier 
effect of the Leichardt Burunga Fault System, a major north-south trending structure on the eastern 
side of the basin (Figure 12). The basis for this approach is the result of a discussion with APLNG 
staff, which revealed their observation of strong hydraulic barrier effects evident in observed hydraulic 
responses to their push-pull testing of the Condabri-INJ002 bore (Ryan Morris, pers. comm. May 
2018). Other known faults, such as the Hutton-Wallumbilla are not included, as there is no clear 
evidence of them influencing the propagation of the MAR injection pressure signal. 
HFB nodes are shown in Figure 12, with flow between the eastern and western sides of the structure 
restricted by the prescribed hydraulic conductivity of the fault rock materials. The fault system is 
parameterised using three distinct zones, one for each of its northern, central and southern portions 
(Figure 12). The hydraulic conductivity of each of these zones is adjustable by PEST in the inversion 
process. Initial fault hydraulic conductivities and allowable ranges are shown in Table 1, and these 
were defined subjectively but with reference to the host rock hydraulic conductivity ranges. 
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Figure 12 Pilot points and faults (HFBs) and structural features. 
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4.1.6.3 Spatially varying parameters and regularisation 
Horizontal hydraulic conductivity (Kx) and specific storage (SS) of the Precipice Sandstone Blocky 
Sandstone Reservoir (layer 2) are each modelled such that spatial variability can be introduced if and 
where needed within the model domain. This is implemented using the method of ‘pilot points’ and 
regularisation (Doherty 2003; 2016a). A grid of pilot points at 10 km spacing is defined throughout the 
model domain (Figure 12); each of these points represents an adjustable model parameter, and 
collectively they are used to interpolate those (log-transformed) parameters to each node of the MF-
USG model, via the kriging function of PLPROC (Doherty 2016c). Ordinary kriging is used in the first 
instance, with no anisotropy, no nugget, a sill of 1 log cycle, and a typical range of 45 km (some edge 
points possess larger ranges – enough to find at least four neighbouring points). Initial pilot point 
hydraulic properties and allowable ranges are shown in Table 1. Ranges were primarily defined with 
reference to OGIA 2016 and APLNG 2016. 
Regularisation is implemented for model inversion using PEST-HP (Doherty 2018). This encourages 
the inversion process to prefer spatial parameter homogeneity over heterogeneity, to the extent that 
the available field data support such homogeneity. Initial regularisation weights for each pilot point are 
defined using covariance matrices constructed using PPCOV_SVA (Doherty 2016d), based on the 
kriging variogram details described above. 
1.1.1.1.1 Kriging anisotropy 
Kriging anisotropy was not initially modelled but was later included in the inversion. This is 
implemented using a lower spatial resolution (40 km) grid of pilot points (Figure 12). The objective of 
this is to test whether hydraulic property anisotropy information (bearing and anisotropy ratio) can be 
gleaned from the MAR response data. Initial pilot point anisotropy properties and allowable ranges 
are shown in Table 1; ranges are defined subjectively using conceptual judgement. 
4.2 Model approximations 
The primary approximations used for the modelling of this report include: 
• Temperature and salinity (i.e. groundwater density) variations between observation bores are 
ignored. This is justified on the following basis: 
- Groundwater salinity is relatively low in the Precipice Sandstone (APLNG 2017) and over 
the ranges observed does not significantly affect groundwater density; 
- The inversion uses the change in pressure from early 2015. Whilst density variations 
between bores could cause small effects on absolute pressures, it is unlikely to 
significantly affect pressure changes; 
- Most observation bores are not in the deepest parts of the basin, and therefore 
temperature effects on observed heads are relatively small compared to the head 
differentials across the basin; and 
- It is noted that APLNG 2016, 2017, came to the same conclusions. 
• Model layering is simplified down to only three layers, primarily representing the Blocky 
Sandstone Reservoir, with little regard for groundwater storage and flux contributions to/from 
overlying and underlying strata. This is justified on the following basis: 
- The period of data for model inversion is only three years; hence storage contributions 
from other strata to observed MAR injection responses are highly unlikely to be significant. 
Recharge to the Blocky Sandstone Reservoir, and discharge from it, is modelled as only being 
derived from the GHB boundary conditions (see Figure 9); this is an over-simplification, given that 
there may be direct rainfall recharge to the outcropping and subcropping areas in the north, and that 
there may be significant vertical leakage to the Blocky Sandstone Reservoir in the long-term. 
 
 
UQ-SDAAP | Precipice sandstone hydraulic property estimation from observed MAR responses 32 
 
However, given the short duration of the model inversion (three years), this is considered an 
approximation with little to no likely effect on the inversion process. 
5. Model inversion and results 
The groundwater model described in Section 4 is applied to estimate, or invert, the hydraulic 
properties of the Blocky Sandstone Reservoir using the PEST suite of software (Doherty 2018). PEST 
is used to both estimate distributed and single value model parameters, and also to provide plausible 
parameter ranges that take account of differences in uncertainty and parameter identifiability across 
the model domain. 
5.1 Inversion approach 
The groundwater model inversion is conducted using a combination of manual (trial and error) and 
automated techniques. A rough initial inversion was achieved using manual hydraulic conductivity 
parameter adjustments (up from an initial constant value of 1 m/day to a constant value of 5 m/day), 
at which point spatial variability was introduced and optimised using several applications and re-
applications of PEST-HP (Doherty 2018). Parameterisation mechanisms and strategies are outlined in 
Section 4.1.6.  
PEST, the software underpinning much of the work presented in this report, represents a family of 
optimisation and uncertainty analysis tools, in addition to a large family of support utilities, all of which 
have been developed by John Doherty of Watermark Numerical Computing. PEST also represents a 
suite of workflows for highly-parameterised environmental model optimisation (inversion), uncertainty 
analysis and associated tasks; one of these workflows is applied in this study. The reader is referred 
to the following key texts for a full description of the applied methods of this report: 
• PEST – The Book (Doherty 2015) for the theory underpinning much of the inversion and 
uncertainty analysis of this report, in addition to extensions of that theory to practical application 
in the environmental modelling and decision support context 
• The PEST and PEST-HP manuals (Doherty 2016a, 2016b, 2018) for detailed information on 
practical application of the PEST software, in addition to a range of analysis concepts, 
workflows and processes 
Initial inversions did not include representation of the fault system, kriging anisotropy, nor non-MAR 
well stresses. Similarly, as more observation data were discovered, these were added to the PEST 
control file and the process re-initiated.  
Observation data used for the inversion comprises: 
• Temporal head changes from the first recorded value (over the 2015-17 period, which is when 
large-scale MAR operations was initiated). This comprises a total of 4129 observations, from 
45 Precipice Sandstone observation bores. Hydrographs of these data are shown in Appendix 
I, and locations are shown in Figure 13 
Model inversion excludes APLNG analytical hydraulic property estimates as optimisation targets, in 
part to permit later comparison (see Section 5.3.3). This is because in initial trial inversions, it 
appeared to hamper inversion progress. This is likely due to the use of many other discrete simple 
(analytical) models to constrain the single, spatially-distributed numerical model of this investigation; 
whilst APLNG’s analytical analyses used the same inversion data and time period, these are not like 
for like tools and therefore should probably not be relied upon to constrain one another. 
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Figure 13 Groundwater observation bores. 
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5.2 Uncertainty analysis approach 
The reader is referred to the key documents listed in Section 5.1 for a full description of the theory 
and methods applied to uncertainty analysis in this report. 
For the purposes of assessing uncertainty in the estimated hydraulic properties of the Precipice 
Sandstone’s Blocky Sandstone Reservoir, the primary (minimum error variance) model is run using 
1000 different randomly-generated parameter sets that calibrated the model to a ‘reasonable degree’ 
(further discussion on this is provided below).  
PEST’s Null Space Monte Carlo methods are used to generate these parameter sets (the 
PREDUNC7, RANDPAR and PNULPAR programs; Doherty 2016). Pilot point regularisation 
information (spatial parameter covariance) from the calibration process is carried through to the 
uncertainty analysis via PREDUNC7, which is used to estimate the post-calibration covariance matrix. 
RANDPAR is used to sample from that matrix, the parameter sets from which are subsequently 
projected on to the calibration null space using PNULPAR, assuming a solution space of 131 (of the 
835 adjustable parameters; this is the average of SUPCALC’s (Doherty 2016b) recommended 
number of parameters).  
If the model exhibits truly linear pressure responses to parameter (and parameter combination) 
adjustments, these null space-projected parameter sets would all provide a reasonably well calibrated 
model, but the model5 is non-linear, and therefore the stochastic realisations are selectively culled for 
use in uncertainty quantification6. Of the 1000 stochastic model runs, those with a MAR inversion 
quality within 33% of the primary (minimum error variance) model and with storage values closer to 
those derived from APLNG injection/abstraction tests, are retained (167 runs); the other 833 runs are 
discarded. The APLNG aquifer storage estimates are used as soft constraints on model calibration 
because the numerical model is relatively insensitive to these parameters (see Section 5.3.4), and yet 
they are very consistent between (i.e. tightly constrained by) the many analyses undertaken 
throughout the model domain by APLNG (Ryan Morris pers. comm 2018). 
The retained stochastic models are post-processed to generate 167 realisations of Blocky Sandstone 
Reservoir hydraulic conductivity, specific storage, and kriging anisotropy and angle. Confidence 
intervals around each of the minimum error variance model’s parameter values are also generated 
through this process. These parameter realisations and statistics are generated by: 
• Batch-running the 1000 model realisations. This was achieved using batch command files and 
a series of PEST utilities (PLPROC, PAR2PAR) 
• Post-processing each model’s inversion quality, and discarding those not meeting the target 
criteria (outlined above); this was achieved using PEST utilities MOD2OBS and SMPDIFF 
• Post-processing the retained parameter realisations (from models of acceptable inversion 
quality) for descriptive statistics and the mapping presented in this report; this was achieved 
using custom Python scripts, PEST utility MULPARTAB, and Microsoft Excel 
5.3 Inversion results 
5.3.1 Inversion quality 
Figure 14 provides a summary of inversion quality for the primary (minimum error variance) model. 
Appendix III provides simulated and observed groundwater level changes (head impress and/or 
drawdown) over time. The key statistics shown in Figure 14 indicates that the model is calibrated to a 
                                                     
5 The term ‘model’ here in the inversion context represents the effect of adjustments to parameters, and combinations thereof, 
on the modelled counterparts to optimisation targets. The model is non-linear in this regard, more so than it is to changes in 
individual parameters. It is combinations of parameters that PEST optimises in the inversion process. 
6 This is standard practice in non-linear, calibration-constrained uncertainty analysis. See Section 8.1 of PEST – the book 
(Doherty, 2015). 
 
 
UQ-SDAAP | Precipice sandstone hydraulic property estimation from observed MAR responses 35 
 
reasonable degree, with a normalised root mean square error7 (nRMS) of 1.9%, and of perhaps 
greater meaning, a mean absolute error of 0.43 m in water level change forecast. The nRMS is well 
within typically acceptable ranges (Barnett et al. 2012). The cumulative residuals show no significant 
bias, and more than 90% of modelled groundwater level changes are within 1 m of their observed 
counterparts.  
The modelled responses of individual bores to MAR injection are generally very well simulated 
throughout the model domain (Appendix III, Figure 15), both the larger responses closer to injection 
centres (e.g. COM-MB006, LUK-MB004, CHL_GW002), and the smaller responses at greater 
distance from MAR injection (160287A, CMD_GW002, 160819A, 160686D); there are periods, even 
for those bores with what is considered a good reflection of the observed data, when not all significant 
pressure rises and falls are captured by the model (e.g. CMD_GW002) – this suggests complexities 
not captured by the model, for example significant local groundwater pumping. A more quantitative 
measure of inversion error on a per-bore basis is provided for all bores in Figure 15; this shows nRMS 
statistics for each bore, which for the bores discussed above, range from 2-13% error from observed 
head changes. 
There are also several bores with consistently poor simulated equivalents; a selection of these is 
shown in Figure 16, along with commentary on possible or likely causes of the poor simulation. For 
example: 
• Several bores in the north west of the model, around Spring Gully, exhibited large sudden 
pressure drops in response to a magnitude 4.4 earthquake off Bundaberg on August 13th 20168 
(APLNG, 2017; e.g. bores DMW-MB001, DMW-MB005); the model is unable to replicate such 
behaviour 
• In other cases, there are likely to be unresolved (unknown) data integrity issues (e.g. 160506A, 
160771A / SG-MB011) – as indicated by these bores’ proximity to one another (12 m), 
combined with their very different apparent responses to MAR injection. Sources of integrity 
issues could relate to bore failure or clogging, logger malfunction, bores assigned to incorrect 
aquifers, and so on; or 
• Issues with model boundary conditions being too close to observation bores (e.g. 119965A), 
which can result in boundary conditions controlling (muting) MAR injection and other stress 
responses; or 
• Complexities not captured by the model, for example significant local groundwater pumping 
(potentially an issue at bore 62284A) 
A more quantitative measure of inversion error on a per-bore basis is provided for all bores in Figure 
16. This shows nRMS statistics for each bore, which for the poorer-quality bore inversions discussed 
above, range from 15-138% (43% median) error from observed head changes. 
                                                     
7 Normalised root mean square error here represents a quality measure of forecast head changes over time, proportional to the 
observed head change range.  
8 https://earthquakes.ga.gov.au/ 
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Figure 14 Modelled groundwater level calibration summary. 
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Figure 15 Selected inversion hydrographs of better quality. 
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Figure 16 Selected inversion hydrographs of poorer quality. 
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5.3.2 Model water balance 
The simulated water balance for the transient period of the primary model (January 2015 to June 
2017) is presented in Table 2. The major stress on the aquifer over this period is the MAR injection 
(17.7 ML/day on average), of which most of the water enters aquifer storage, as evident in the 
observed and calibrated hydrographs discussed above. Injection is offset to a very minimal degree 
(1.3 ML/day on average) by abstraction from the Blocky Sandstone Reservoir at other licensed 
groundwater users’ bores; this results in a net storage increase of only 17.4 ML/day, slightly less than 
the MAR injection rate. The only other source of recharge to the model is regional groundwater inflow 
from the GHBs (33.2 ML/day gross inflow or 1.0 ML/day net). 
Table 2 Transient historical water balance – whole model. 
COMPONENT IN OUT NET COMMENT 
Aquifer storage 
1.1 18.5 -17.4 Out of the model 
indicates water entering 
storage (e.g. due to 
MAR injection) 
Injection / abstraction 
bores 
17.7 1.3 16.4 MAR and other licensed 
groundwater bores 
General head 
boundaries 
33.2 32.2 1.0 Regional groundwater 
inflow / outflow 
     
TOTAL 
52.0 52.0 0.0  
ERROR 
0%    
Units 
ML/day    
5.3.3 Estimated hydraulic properties 
Figure 17, Figure 18 and Figure 19 summarise the primary (minimum error variance) model 
parameters. Mapping of the pilot point-based hydraulic property parameters are provided in  
Figure 20 through Figure 23, and cross reference (minimum error variance hydraulic conductivity and 
storage, respectively).  
 
Figure 20 and Figure 24 also present in Figure 25e, permeability and storage estimates in reservoir 
engineering units; the applied conversion methods are summarised in Appendix IV. Figure 25 and 
Figure 26 summarise the uncertainty in these estimates. 
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Figure 17 Stochastic parameter inversion results summary – Part 1. 
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Figure 18 Stochastic parameter inversion results summary – part 2. 
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Figure 19 Stochastic parameter inversion results summary – Part 3. 
 
 
 
UQ-SDAAP | Precipice sandstone hydraulic property estimation from observed MAR responses 43 
 
 
Figure 20 Precipice Sandstone (Blocky Sandstone Reservoir) MAR inversion hydraulic conductivity 
(minimum error variance). 
  
 
 
UQ-SDAAP | Precipice sandstone hydraulic property estimation from observed MAR responses 44 
 
Figure 21 Precipice Sandstone (Blocky Sandstone Reservoir) MAR inversion aquifer thickness. 
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Figure 22 Precipice Sandstone (Blocky Sandstone Reservoir) MAR inversion transmissivity 
(minimum error variance). 
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Figure 23 Precipice Sandstone (Blocky Sandstone Reservoir) MAR inversion intrinsic permeability 
(minimum error variance). 
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Figure 24 Precipice Sandstone (Blocky Sandstone Reservoir) MAR inversion specific storage, 
storativity and compressibility (minimum error variance). 
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Figure 25 Precipice Sandstone (Blocky Sandstone Reservoir) MAR inversion hydraulic conductivity 
uncertainty. 
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Figure 26 Precipice Sandstone (Blocky Sandstone Reservoir) MAR inversion specific storage 
uncertainty. 
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5.3.3.1 Hydraulic conductivity 
There are several spatial hydraulic conductivity (Kx) patterns evident in Figure 20 that also persist 
through the stochastic estimates of Figure 25; these are: 
• The broad area of very high isotropic Kx around Spring Gully MAR scheme, and a relatively 
persistent high Kx lobe extending out to the north-east from that area; there is very little 
uncertainty in this feature (Figure 25). It is thought to be structurally- (fracture)-controlled, as the 
relatively brittle Blocky Sandstone Reservoir curves up over the northwest-southeast trending 
anticline (‘Comet Ridge’; Figure 12; APLNG 2016). That is, this is predominantly thought to be a 
feature of fracture enhanced (secondary) permeability. APLNG 2016 noted: 
• Large (up to 15 mm) aperture fractures in the Spring Gully injection bore, and extremely 
high transmissivities (10000-14000 m2/day) 
• Isotropic conditions in hydraulic conductivity, and probably stress, in this area 
• ‘CSG production well drilling at Spring Gully, targeting the Bandanna Formation, 
commonly encountered significant fluid losses while drilling through the Precipice 
Sandstone’ 
• Tavener et al. 2018 noted very mixed stress orientations, of moderate magnitude, in this 
area (see Figure 3 of Tavener et al. 2018) 
• Flottman et al. 2013 provide a conceptual model of how formation curvature, as 
observed here, can induce high permeabilities through the development of multiple 
fracture sets 
• The relatively low Kx east-west trending lobe to the north-west of the Spring Gully MAR 
scheme, and immediately east of the northern end of the Hutton-Wallumbilla Fault System 
(Figure 25). This may be more indicative of the Hutton-Wallumbilla Fault controlling propagation 
of the MAR injection signal than actual parameter variations; this arises because the Hutton-
Wallumbilla Fault System is not modelled (see Section 4.1.6.2; this is a feature for future model 
improvement) 
• The localised area of relatively high Kx around Reedy Creek MAR scheme, which is bounded 
by linear-shaped areas of relatively low Kx to the northwest, east and southeast. The high Kx 
zone in this area extends northward toward Spring Gully; the bounding low Kx zone forms a low 
Kx area that restricts flow into the Mimosa Syncline (the north-south trending syncline through 
the centre of the model domain; Figure 12). The spatial geometry of the high Kx area and 
bounding low Kx areas appear to broadly follow the maximum stress orientations recorded in 
this area (see Figure 5 of Flottman et al. 2013 and Figure 3 of Tavener 2018), and local 
structural features (Figure 20; Figure 25)   
• The linear relatively high Kx feature extending from southeast of Reedy Creek toward Miles and 
Condabri (near bores CON-INJ002 and CON-INJ005; Figure 13 on the eastern edge of the 
model (see Figure 20 and Figure 25)  
• The low to moderate Kx area around the Auburn Ridge (or ‘nose’, Figure 20 and Figure 25) 
• The low-to-moderate Kx arc wrapping around the Taroom area, and a similar but less 
consistently low-to-moderate Kx arc wrapping around the north and northwest of Spring Gully 
MAR scheme (Figure 20 and Figure 25) 
Estimated uncertainty in Kx is minimal in areas of greatest observation data density, around the two 
APLNG MAR schemes, and around the APLNG test site at Condabri in the south east, albeit to a 
lesser degree there. The area of greatest certainty in Kx estimates lies around and between Reedy 
Creek and Spring Gully and extending north of Spring Gully where many observation bores are 
located (Figure 25); this is as expected. Away from this area, uncertainty in Kx increases, particularly 
around the southwest, northwest and northeast basin margins. These are areas where Precipice 
Sandstone pressure observations are largely absent, and in the case of the north east, where the 
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formation is thought to be unsaturated (i.e. the water table occurs within the aquifer with a vadose 
zone above). 
Comparison of the numerical model transmissivity estimates of this study with the analytical model 
estimates of APLNG 2016 is presented in Figure 27; the error bars show the numerical model’s upper 
95th and lower 5th percentile uncertainty range. There is a reasonable level of agreement, although 
some of the higher- and lower-end modelled values are over- and under-estimated (typically up to one 
order of magnitude), respectively. There are several potential reasons for this: 
• APLNG 2016 estimates assume an infinite, homogenous, isotropic aquifer. This is not the case, 
as shown by the significant spatial variability introduced to the inversion of this study, the extent 
of the blocky sandstone reservoir, and lack of response to MAR at Santos bores described in 
Section 3.4. The analytical estimates would show a compensation bias toward lower values in 
areas where there is significant spatial variability 
• APLNG 2016 estimates are derived from analysis of pressure responses in bores that probably 
don’t screen the entire Blocky Sandstone Reservoir thickness; this would also result in lower 
analytical (APLNG 2016) transmissivity estimates than those of this numerical model, which 
estimates the transmissivity of the total Blocky Sandstone Reservoir thickness 
• APLNG 2016 analytical estimates for a given observation bore reflect the aquifer material 
between the MAR injection centres and the observation bore. In contrast, the numerical model 
estimates are discrete point location estimates at each bore. The comparison is therefore not 
like for like
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Figure 27 Comparison of APLNG transmissivity and storativity estimates with model inversion estimates. 
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5.3.3.2 Aquifer storage 
Figure 24 and Figure 26 show the MAR inversion aquifer storage estimates and their uncertainty. 
There are spatial patterns that are faintly like those modelled for Kx, albeit with some areas showing 
direct correlation (e.g. high Kx, high Ss) and others showing inverse correlations (e.g. high Kx, low 
Ss).  
The spatial distribution of uncertainty in estimated Ss is like that for Kx, with the least uncertainty 
around and between the Spring Gully and Reedy Creek MAR schemes (Figure 26). With distance 
from these areas, uncertainty increases, particularly around the basin margins to the north and 
southwest; this is in response to a lack of observation data with which to constrain storage parameters 
in these areas. There is generally more uncertainty in aquifer storage parameters than there is for Kx. 
Comparison of the numerical model storativity estimates of this study with the analytical model 
estimates of APLNG (2016) is presented in Figure 27. Whilst there is a cluster of fair correlation for 
many bores, there is a consistent relative storativity over-estimation by the MAR inversion relative to 
the analytical models in approximately 25% of bores. Reasons for this could be the same as those 
described above for relative Kx over-estimation, and/or the compensatory role potentially played by 
storage parameters for the thick overlying and underlying strata having not been modelled9. 
5.3.3.3 Kriging anisotropy 
Model inversion indicates that kriging anisotropy is not required to simulate the observed pressure 
responses to MAR injection. The minimum error variance model’s maximum anisotropy ratio within 
the entire model domain is less than 2 (Figure 20). Sufficient spatial variability and directional 
correlation (to achieve an acceptable level of inversion quality) was achieved prior to the introduction 
of kriging anisotropy into the inversion process; in some ways, the process of spatial regularisation 
may have achieved a similar end purpose as was intended through kriging anisotropy, and therefore 
rendered the kriging anisotropy redundant. Broad-scale directional correlations between pilot point 
parameters are evident in the developed permeability mapping, at least in some areas. 
Only the upper 95th percentile uncertainty plots shown in Figure 25 and Figure 26 show a significant 
level of kriging anisotropy (as great as 30). The largest ratios are estimated in the north-eastern and 
north-western areas of the model, and to a lesser degree in south-west; in these areas, the upper 95th 
percentile estimated direction of anisotropy is to the northwest. There are no known stress data in 
these areas, except near Wandoan (see Figure 3 of Tavener, 2018; Appendix V); those data indicate 
the maximum stress field is almost at right angles to the anisotropy from the MAR inversion. A similar 
observation is made near Miles (compare with the data of Flottman et al. 2013; Appendix V). 
Flottman et al. (2013) point out that dominant fracture orientations can occur at both high angles and 
low angles to the maximum stress direction, in higher and lower differential stress regimes (i.e. the 
ratio of maximum to minimum stress), respectively. Comparison of kriging anisotropies from the MAR 
inversion with maximum horizontal stress directions (SHmax; Appendix V) is therefore not 
straightforward.  
Whilst this may be the case, it remains worthwhile to undertake a more comprehensive comparison of 
stress data and broad-scale anisotropies in the developed permeability mapping; that is, a detailed 
analysis of spatial correlations between pilot point parameters, compared with the available in-situ 
rock stress data. This is different to the comparison made here, in which anisotropy within the kriging 
algorithm itself was assessed. Information of direct utility in such a pilot point correlation assessment 
is available as an outcome of the model inversion process documented in this report. 
                                                     
9 The APLNG models inverted the same data over the same 2-year period; therefore classic ‘early time drawdown (impress)’ 
comparison issues are not the cause of this apparent storativity over-estimation by the numerical model. 
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5.3.4 Parameter identifiability 
PEST (Doherty 2016) provides a utility with which to estimate the relative identifiability of all 
parameters optimised during the inversion process (IDENTPAR). Identifiability is a relative measure of 
the information content of the inversion (observation) data set, with respect to constraining parameter 
values. Doherty 2016b explanation of parameter identifiability as estimated using IDENTPAR is 
paraphrased here: 
“If the identifiability of a parameter is 1.0, then that parameter is completely estimable on the basis of 
the current calibration dataset. If a parameter has an identifiability of 0.0, then the calibration dataset 
is completely uninformative of that parameter (the calibration data are insensitive to it). If the 
identifiability of a parameter is between 0.0 and 1.0 then information within the calibration dataset that 
pertains to that parameter is shared between it and other parameters; the parameter can therefore not 
be resolved uniquely. Warmer colours within each bar (parameter) indicate that the parameter can be 
more tightly constrained through calibration”. 
Figure 28 provides a graphical summary of all optimised inversion parameters, and Figure 29 
presents identifiability of the spatially variable (pilot point) parameters. The latter is useful in 
understanding the spatial coverage of observation data information content in the context of the MAR 
inversion process. As would be expected, the spatial identifiability distributions shown in Figure 29 are 
not dissimilar to the uncertainty ranges shown in Figure 25 and Figure 26, with more identifiable 
hydraulic conductivity and aquifer storage parameters around and between the Reedy Creek and 
Spring Gully MAR schemes, and to a lesser degree towards the APLNG Condabri MAR test site.  
Similar can be said for the kriging anisotropy parameters in Figure 29, although interestingly the 
spatial extent of high anisotropy parameter identifiability is broader than that for hydraulic conductivity 
and storage. This could be at least partly caused by the coarser spatial resolution of anisotropy 
parameters than those used for hydraulic parameters (see Figure 29). Areas of higher anisotropy 
identifiability tend to be focussed in areas where the least anisotropy was introduced (see anisotropy 
vectors in Figure 25 and Figure 26). This could be interpreted as indicating that it is relatively unlikely 
that anisotropy in hydraulic parameters is a true feature of the Precipice Sandstone Blocky Sandstone 
Reservoir. Only in the upper 95th percentile uncertainty range was appreciable anisotropy modelled 
(see Section 5.3.3.3), and this was focused in the distal areas of relatively low anisotropy parameter 
identifiability shown in Figure 29. 
Figure 28 shows that the information content of many pilot point parameters is shared between those 
pilot points (i.e. they are correlated and non-unique); these are in areas distal to the major MAR 
injection centres, as described above. Aquifer storage parameters are significantly less identifiable 
than are hydraulic conductivity parameters. Of the zone-based parameters shown in Figure 28, 
specific yield (‘sy’, aquifer storage in the unconfined Blocky Sandstone Reservoir in the north) is the 
single most identifiable. All other zone-based parameters are relatively less identifiable, and generally 
less tightly constrained. The exceptions to this are horizontal hydraulic conductivity of the over- and 
under-burden (‘kx1_3’) and the vertical hydraulic conductivity factor of all model layers (‘kzf’) – these 
probably control much of the modelled ‘leaky aquifer’ (S-shaped) response that is observed in some 
bores, with some additional contribution to this from the specific storage of the over- and under-
burden layers (‘ss1_3’).  
Also, of note in Figure 28 is that the Leichardt-Burunga Fault system hydraulic conductivity (‘hfbnorth’, 
‘hfbcentral’ and ‘hfbsouth’) HFB parameters are some of the least identifiable, with the northern-most 
section the most identifiable of the three. This could be due to the relatively short duration of the 
Condabri push-pull test, and the limited number of bores affected by that test. 
 
 
UQ-SDAAP | Precipice sandstone hydraulic property estimation from observed MAR responses 55 
 
Figure 28 Parameter identifiability summary. 
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Figure 29 Precipice Sandstone (Blocky Sandstone Reservoir) MAR inversion: spatial parameter 
identifiabilities. 
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6. Conclusions 
6.1 Inversion quality 
Inversion quality is very good, with mean pressure response errors of less than 0.5 m of water level. Most 
observation bores’ pressure responses to MAR injection are well simulated, although there are several bores 
with poor matches. Most of these are explainable (response to ‘earthquake’, questionable bore data, 
probable effect from abstraction that is not simulated), and most are in the northern part of the model. 
6.2 Hydraulic conductivity/permeability 
The inversion process identified several high and low horizontal hydraulic conductivity (Kx) features of high 
certainty; that is, features that persist through the stochastic realisations. Major features identified include the 
following (refer to Figure 20).  
• A broad area of very high isotropic Kx around the Spring Gully MAR scheme (20-200 m/day). It is 
thought to be structurally- (fracture)-controlled, as the relatively brittle Blocky Sandstone Reservoir 
curves up over the northwest-southeast trending anticline (‘Comet Ridge’). This confirms earlier work 
(APLNG 2017) 
• A localised area of relatively high Kx around the Reedy Creek MAR scheme (5-50 m/day), which is 
bounded by linear-shaped areas of relatively low Kx (0.1-1 m/day) to the northwest, east and southeast. 
The relatively high Kx feature extends linearly from Reedy Creek toward Miles and Condabri. The spatial 
geometry of the high Kx area and bounding low Kx areas appear to broadly follow the maximum stress 
orientations recorded in this area (Flottman et al. 2013 and Tavener, 2018), and local structural features 
There is limited evidence in the inverted spatial Kx distributions that the Hutton-Wallumbilla Fault may be 
influencing groundwater flow and pressure change propagation; however, this fault was not explicitly 
modelled (using flow barriers for example), and hence inverted hydraulic properties in the vicinity of the fault 
may be influenced by the presence of this structure. 
There is no clear trend in inverted Kx associated with depth of burial, or distance from possible depositional 
centres. Geological structure appears to play a larger role. 
Estimated uncertainty in Kx is minimal in areas of greatest observation data density (at best, less than a 
factor of two, but up to one order of magnitude), around and between the two APLNG MAR schemes, and to 
a lesser degree around the APLNG test site at Condabri in the south east (see Figure 25). Uncertainty 
increases around the southwest and on the northwest and northeast basin margins, to around two orders of 
magnitude. These are areas where Precipice Sandstone pressure observations are largely absent, and in 
the case of the north east, where the formation is thought to be unconfined (contain the water table and 
vadose zone).  
Parameter identifiability shows a similar pattern to that described for uncertainty; this is not surprising given 
the two measures are related. 
Comparison of the numerical model transmissivity estimates of this study with the analytical model estimates 
of APLNG 2016 shows a reasonable level of agreement, although some of the higher- and lower-end 
modelled values are over- and under-estimated, typically by less than one order of magnitude but ranging up 
to 1.5 orders. 
The permeability of the Blocky Sandstone Reservoir is independently estimated by the UQ-SDAAP using 
petrophysical analysis of wireline logs and core (Harfoush et al. 2019c).  
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Observations by Harfoush 2019c in comparing MAR inversion estimates to individual boreholes include: 
• Petrophysics generally estimates lower sandstone permeabilities than the MAR inversion. 
• The difference between the two methods is greatest close to the MAR injection sites. This is thought 
due to fracture enhanced permeability, something that the petrophysical analysis is unable to resolve. 
• Across other wells the majority of petrophysics estimates of permeability lie within the MAR inversion 
P5 and P95 uncertainty percentiles.  
• Only for the lowest inversion permeability estimates are the petrophysically derived values higher.  
• Most permeability estimates by either method are in the range 50 to 5,000 mD, with higher values only 
in the Durham Ranch / Spring Gully area. 
6.3 Aquifer storage/compressibility 
Aquifer storage (‘specific storage’, ‘Ss’) estimates show spatial patterns that at the large-scale may be seen 
to resemble those modelled for Kx. In more detail some areas appear to show direct correlation (e.g. high 
Kx, high Ss) whilst others showing inverse correlations (e.g. high Kx, low Ss). The spatial distribution of 
uncertainty in estimated Ss is like that for Kx, with the least uncertainty around and between the Spring Gully 
and Reedy Creek MAR schemes (around one order of magnitude). There is generally more uncertainty in 
aquifer storage parameters than there is for Kx.  
Comparison of the numerical model’s storativity (Ss * Blocky Sandstone Reservoir thickness) estimates of 
this study with the analytical model estimates of APLNG (2016) shows a poor to fair match (but within one 
order of magnitude), with consistent relative storativity over-estimation by the MAR inversion in 
approximately 25% of bores. Potential reasons are outlined in this report. 
6.4 Kriging anisotropy 
Model inversion indicates that kriging anisotropy based on in situ stress orientations is not required to 
simulate the observed pressure responses to MAR injection. The minimum error variance model’s maximum 
anisotropy ratio within the entire model domain is less than 2. Sufficient spatial variability and directional 
correlation (to achieve an acceptable level of inversion quality) was achieved prior to the introduction of 
kriging anisotropy into the inversion process; in some ways, the process of spatial regularisation may have 
achieved a similar end purpose as was intended through kriging anisotropy of in-situ stress. Only the upper 
95th percentile uncertainty estimates show a significant level of kriging anisotropy (as great as 30), and these 
are in areas of lowest parameter identifiability (i.e. where observation data with which to constrain the model 
are sparse).  
A qualitative comparison of kriging anisotropies was made with literature values of maximum in-situ stress 
orientations (Tavener 2018; Flottman et al. 2013), however no consistent correlations were identified. 
Flottman et al. 2013 point out that dominant fracture orientations can occur at both high angles and low 
angles to the maximum stress direction and therefore comparison of kriging anisotropies from the MAR 
inversion with maximum horizontal stress directions is therefore not straightforward. Whilst this may be the 
case, it remains worthwhile to undertake a more comprehensive comparison of stress data and broad-scale 
anisotropies in the developed permeability mapping.  
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8. Appendices 
8.1 Appendix I: Observed Groundwater Level and MAR Injection Hydrographs 
 
All groundwater level data were aggregated to weekly average values, and subsequently converted to 
incremental change from the first available record for the purposes of model inversion. Hydrographs for all 
45 bores (with water levels from January 2015 onward) are provided below. 
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8.2 Appendix II: APLNG analytical hydraulic property estimates (Source: APLNG) 
 
BoreID Owner Easting, 
UTM zone 55 South 
Northing, 
UTM zone 55 South 
Transmissivity 
[m2/day] 
Storativity [-] 
RN32735GA at Taroom DNRM 781540 7160654 90 3.84E-05 
Spring Gully-MB9-P Origin 739474.3 7158744 1300 7.48E-05 
MW0903 Santos 698731 7152609 2500 5.30E-05 
MW0904 Santos 695806.7 7155041 5910 7.20E-05 
SPWGWP02 Santos 705042.8 7154427 1890 7.80E-05 
SPWGWP03 Santos 708885.9 7152755 1879 7.70E-05 
SPWGWP04 Santos 707620.1 7153199 2276 6.70E-05 
MW0902 Santos 708943.1 7152050 3880 3.50E-05 
YEBGWP01 Santos 713191.6 7152004 3600 9.90E-05 
Kinnoul-MB1-P Origin 759779.3 7158967 1004 2.80E-05 
MNHGWP01 Santos 692795.2 7146347 1520 8.30E-05 
SBNGWP01 Santos 707001.3 7144893 1650 3.80E-05 
SPWGWP01 Santos 704809.4 7149988 2326 5.30E-05 
Spring Gully PB1 Origin 685522.6 7141005 1132 5.53E-05 
Spring Gully Camp Bore Origin 707473.2 7128220 1775 5.53E-05 
Charlie GW2 QGC 754545.2 7131927 365 6.86E-05 
Spring Gully DMP01 Origin 707324.4 7122624 1096 1.33E-04 
Spring Gully-MB7-P Origin 739473.6 7122223 704 7.10E-05 
Spring Gully PB3 Origin 701413.9 7114447 1573 8.26E-05 
Echo Hills Flowing Bore Origin 721509.4 7118582 1941 1.23E-04 
Peat-MB2-P Origin 809873.2 7118955 600 2.80E-05 
Meeleebee Downs Clifford New House Bore Origin 736258.8 7107785 718 5.96E-05 
Norwood Bore Origin 746562.9 7101212 547 3.64E-05 
RC Injection Borefield Centroid Origin 741083.6 7087079 350 3.03E-05 
Lucky Gully 5 Origin 757527.2 7076591 395 3.47E-05 
Condabri-INJ5-P Origin 821074.8 7044502 253 2.85E-05 
Condabri-INJ2-P Origin 820781.1 7033141 330 3.80E-05 
Appendix II Pages from 2015-2016_Groundwater_Assessment.pdf 
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8.3 Appendix III: Simulated and observed groundwater level time series 
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8.4 Appendix IV: Permeability and compressibility unit conversion methods 
This report presents the permeability and storage estimates in reservoir engineering units; the applied 
conversion methods are summarised as follows: 
• Intrinsic permeability (k, in milli-Darcy [mD]) was derived from hydraulic conductivity (Kx [m/day]) as 
follows: 
𝑘 = 𝐾𝑥
𝜇
𝜌𝑔∗9.869−16∗86400
  
where 𝜌=water density [kg/m3] (assumed uniform 987), 𝑔=acceleration due to gravity [m/sec2] 
(assumed uniform 9.81), 𝜇=fluid viscosity [Pa.sec]. 
- Fluid viscosity, 𝜇, was estimated as varying with formation depth and temperature based on the 
local geothermal gradient, using the Vogel–Fulcher–Tammann–Hesse equation (Vogel, 1921; 
Fulcher, 1925; Tammann and Hesse. 1926): 
o 𝑒𝐴+
𝐵
𝐶+𝑇 where 𝐴, 𝐵 𝑎𝑛𝑑 𝐶 are fitted exponent parameters for water, and 
𝑇 is the water temperature in degrees Kelvin. 
o Surface temperature was estimated at 29.36˚C, with a thermal gradient 
of 0.0207 ˚C/m. Formation depth was taken as the midpoint of the 
Blocky Sandstone Reservoir (Figure 8). 
• Compressibility (β [/Pa]) was derived from specific storage (Ss [/m]) as follows: 
(𝛽𝑟𝑜𝑐𝑘 + 𝛽𝑤𝑎𝑡𝑒𝑟) =
𝑆𝑠
𝑟𝑎𝑡𝑖𝑜𝑛𝑒𝑡_𝑡𝑜_𝑔𝑟𝑜𝑠𝑠𝜌𝑔𝜙
 
where: Ss=specific storage [/m]; Φ=aquifer porosity [-] (assumed constant 0.2); 𝑟𝑎𝑡𝑖𝑜𝑛𝑒𝑡_𝑡𝑜_𝑔𝑟𝑜𝑠𝑠= Net to 
Gross ratio (assumed constant 1.0); βwater=rock compressibility [/Pa]; and βwater =water compressibility 
[/Pa]. Density and gravity were assumed constant as per the intrinsic permeability conversion 
discussed above. 
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8.5 Appendix V: In-Situ Stress Data of Flottman et al. 2013 and Tavener 2018 
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